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INTRODUCTION
Micro X-ray computed tomography (microCT) is known
in palaeontology as a method for providing 3-D virtual
visualization and analysis of fossils, some of which are
still encased in solid rock. MicroCT has enabled the non-
destructive visualization of internal structures of a variety
of fossils (Lukeneder et al. 2014). This ‘virtual palaeontol-
ogy’ has allowed palaeontologists to gain new insights
into fossil morphology, anatomy, development and their
preservation (Abel et al. 2012; Klages 2013; Cunningham
et al. 2014; Dawson et al. 2014; Fisher et al. 2014; Rahman &
Smith 2014; Liu et al. 2015; Reid et al. 2018) and it has
become standard practice to use microCT in paleontologi-
cal descriptions. The relatively recent application of
microCT to Karoo tetrapod fossils has enabled palaeon-
tologists to gain insights into topics such as fossil tooth
replacement in cynodonts (Jasinoski et al. 2015), the
architecture of osseous capsules in dicynodonts (Araújo
et al. 2018), volumes and shapes of braincases in dinosaur
skulls (Chapelle et al. 2018) and the functional evolution of
anatomical traits (Benoit et al. 2016, 2017; Lyson et al. 2016;
Sobral et al. 2016). These researchers typically relied on
varying microCT parameters to overcome the challenges
described above (Abel et al. 2012; Rahman et al. 2012; Smilg
2017). High quality microCT data is not only important for
visualization but also for the ability to extract adequate
quantitative information for the required research ques-
tion (Du Plessis et al. 2016).
Despite this growing interest in virtual palaeontology,
microCT is still perceived as a financial risk as there is no
detailed methodology available for scanning fossils, and
therefore scans are not always successful. Some of the
challenges include: (1) the fossil and enclosing matrix
having similar X-ray densities which leads to difficulty in
virtually extracting fossils inside rock; (2) penetration
difficulties for X-rays due to dense rock minerals resulting
in not being able to visualize fine details of the preserved
fossil or even failed scans; and (3) dense particles and
inclusions causing image artefacts which mask features
and make 3D visualization impossible (Cunningham et al.
2014; Rahman & Smith 2014; Sutton et al. 2014).
MicroCT scanning of Palaeozoic and Mesozoic tetrapod
fossils from the Karoo Basin of South Africa shows
that they are susceptible to all of the challenges above.
Permian- to Jurassic-aged continental strata make up the
8000 m thick Karoo Supergroup, covering two-thirds of
the surface area of South Africa. These rocks are world-
renowned for their abundant and diverse vertebrate
fossils, in particular, the 100-million-year-long evolution-
ary record of therapsids (mammal-like reptiles) leading
to the origin of mammals. Karoo vertebrate fossils are
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preserved in rocks dating back 300 Ma through to 190 Ma
(Smith et al. 2011). Consequent to their initial deposition,
the depth of burial and degree of diagenesis have had a
fundamental influence on their mode of preservation.
They are mainly preserved in non-marine sandstones and
shales deposited in a wide range of environments from
glacial meltwater lakes to temperate floodplains and
hot desert dunes. After burial, early diagenetic calcifica-
tion (and in some cases ferruginization) of the bone cavi-
ties and interstitial spaces in the surrounding matrix
commonly formed a hardened nodule around the bone
(Smith 2000). With deeper burial, metamorphic fluids
led to silicification and, in many cases, the iron was
remobilized into haematite crusts and crystals. These
dense haematite inclusions cause image artefacts in
microCT images. The similarity of density between fossil
bone and the enclosing rock makes some parts of the fossil
bone almost identical in X-ray density to the surrounding
rock, while other parts, such as teeth, are more X-ray
dense, due to higher levels of calcium, phosphate and
other minerals present. These variables and artefacts
make Karoo tetrapod fossils a challenging case study for
producing high quality microCT images. The density of
iron and related metals cause excessive X-ray absorption
compared to the materials surrounding it, causing streaky
(star-shaped) artefacts in CT images. This is mainly due to
some X-ray images being entirely masked by the inclu-
sions in the line of sight behind the mineral inclusion,
causing errors in reconstruction.
The image quality of a scan is influenced by several
factors (Cantatore & Müller 2011) including X-ray param-
eter settings, reconstruction settings, and image process-
ing (filtering). This case study demonstrates a systematic
series of scans of the same sample containing fossil bone.
The parameters are varied based on parameter variations
described previously for biological samples (Du Plessis
et al. 2017), but their relative importance is quantitatively
demonstrated here for a typical fossil scan. In addition to
scan parameters, the reconstruction, post-processing and
ease of segmentation are discussed. Finally, we present a
table summarizing the key findings. These findings might
be useful for Karoo palaeontologists as a starting point for
obtaining high quality microCT scans of similar rock-
embedded fossils. We expect them to apply to all fossils
embedded in similar relatively homogenous well-cemen-
ted sedimentary rock (i.e. sandstone, siltstone, mudstone
and limestone) and highlight some important parame-
ters for successful use of laboratory microCT for virtual
palaeontology in general.
MicroCT, which is also known as industrial X-ray
computed tomography, is a specialized form of computed
tomography for non-medical application. A typical
microCT setup (Fig. 1) consists of an X-ray source, rotation
table, and X-ray detector. X-rays are generated in a cone
beam by an X-ray tube and are directed through and
around a rotating sample. The detector converts attenu-
ated radiation through the sample into 2D projection
images (Fig. 1). The 2D projection images are then used to
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Figure 1. Schematic diagram of microCT scanning, reconstruction and visualization.
reconstruct a 3D data set that can be viewed and analysed
by a variety of software packages (Cantatore & Müller
2011; Du Plessis et al. 2017). After reconstruction, all image
processing and analysis discussed in this work takes place
in the last step (Fig. 1) – on a computing workstation.
MATERIALS AND METHODS
A 245 million year old Mid-Triassic tetrapod fossil
(SAM-PK-K10180) from the Karoo Supergroup (Fig. 2)
housed in the department of Karoo Palaeontology, Iziko
South African Museum in Cape Town was scanned using
a Phoenix V|Tome|X L240 (General Electric Sensing and
Inspection Technologies Phoenix X-ray, Wunstorff, Ger-
many) microCT system located at the CT Scanner Facility
of the Central Analytical Facility (CAF), Stellenbosch Uni-
versity, South Africa (Du Plessis et al. 2016). The fossil, now
been identified as the skull and parts of the postcrania of a
basal rhyncosaur, is completely encased in a carbon-
ate-rich, micritic mudstone nodule some 10 cm in diame-
ter and 6 cm thick and it had not been manually prepared
before scanning. All reconstructions were conducted
using system-supplied DATOS 2.0 software (General Elec-
tric Sensing & Technologies). Images were obtained and
analysis performed using the VGSTUDIO MAX 3.1 soft-
ware (Volume Graphics GmbH, Heidelberg, Germany).
A series of scans were performed individually to test the
effects of; (1) varying voltage, (2) current, (3) beam filter-
ing, (4) reconstruction options (beam hardening correc-
tion and reconstruction filtering) and (5) post-process fil-
tering on image quality. Initial efforts at defining image
quality metrics were complicated by the fact that the fossil
bone and rock are not homogenous, and therefore the
best indicators of image quality for fossil scans used in
this work were: fossil bone/rock grey value, fossil
bone/rock edge sharpness, and background noise. The
fossil bone/rock grey value in this work was calculated as
the ratio of mean grey values of small cubic regions of
interest representative of bone and of the rock, using the
same regions for each series of scans (Fig. 3). Edge sharp-
ness was measured as the gradient of the slope between
two materials, using the minimum and maximum values
of the two materials; a 10–90% slope gradient is measured
(Fig. 3b). Obtaining the best edge sharpness is impor-
tant to palaeontological applications as it allows for an
accurate and less time-consuming segmentation of a fossil
inside a rock. The image background noise was measured
from the same size (X = 1.48, Y = 1.40 and Z = 0.8) uniform
region of interest (ROI) taken on the background air as
shown by the blue block in (Fig. 3a). The noise value was
measured as the standard deviation of the mean grey
values taken from the volume of the ROI.
X-ray tube voltage determines the penetration ability of
the X-rays (highest keV value of the polychromatic beam
increases with increasing tube voltage), while current
affects the amount of radiation (photon flux or intensity of
the beam) without modifying the penetration ability of
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Figure 2. Karoo fossil encased in sedimentary rock, SAM PK K10180 (6.6 × 2.4 × 10.7 cm) (A) and CT slice image of the sample (B).
the emission spectrum (Cantatore & Müller 2011). To aid
the interpretation of results from this experiment, no
beam filters were added while changing the voltage.
However, to maintain constant signal levels on the back-
ground (intensity on the detector), higher voltage scans
(which generally have higher intensity on the detector)
were conducted with lower current values, in order to
reduce the total intensity of the beam without changing
any other parameters. It was expected that beam filters,
acquisition timing or detector sensitivity/amplification
settings might change the noise levels and complicate
the results obtained. The effect of current increase is an
increased beam intensity, while voltage changes the
beam’s emission spectrum. Therefore small changes in
current to allow the same intensity on detector may be
attributed to voltage alone. Nevertheless, an additional
experiment was conducted. This additional experiment
was conducted with a chicken bone and three sandstones
attached to the chicken bone by tape to simulate a bone
embedded in rock. The chicken bone and rocks used have
significantly varying composition – more so than would
be expected of fossil bones compared to host rock. In
this experiment, three scans were conducted at varying
voltages. In this case, the current was kept constant and
the detector sensitivity was adjusted to maintain the
same intensity on the detector. The effect of voltage varia-
tion was therefore investigated using two variations of
experiments, by adjusting either the current or detector
sensitivity.
For the subsequent experiment testing the variation of
current alone, the higher-current scan, which causes
higher intensity at the detector, was done with shorter
acquisition time to allow a similar background signal level.
The effect of beam filtering was analysed separately.
Beam filtering is often applied to compensate for beam
hardening that might occur (Ketcham & Carlson 2001;
Du Plessis et al. 2017). This is achieved by placing a filter
between the X-ray source and the sample. At 180 kV and
varying the current to maintain constant background
count (intensity), copper filters varying in thickness from
0.1 mm to 1 mm were used, to investigate beam hardening
directly. Beam hardening occurs when low energy
photons of the X-ray beam are absorbed in a sample more
than the high energy X-rays, resulting in a cupping
artefact around the sample edges (Cantatore & Müller
2011; Du Plessis et al. 2017).
Image averaging or frame averaging is typically used
to reduce noise by averaging images during scanning.
Increasing image averaging was applied on scans with
settings of 180 kV and 70 µA.
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Figure 3. 2D slice image of SAM PK K10180 showing the region of interest for background noise measurement (blue block) (A) and the line profile
taken across the fossil bone – rock interface for edge sharpness measurement. The red box on the line profile indicates where the edge sharpness was
calculated and the green line in the CT image shows where the line profile was taken (B).
In addition to scan parameters described above, various
options for reconstruction and post-processing (readily
available in commercial software packages) were investi-
gated. The aim was to check the relative importance of
each of the image-processing steps. Reconstruction soft-
ware involves a series of choices, which might affect the
image quality of the obtained reconstructed 3D data
(Cnudde & Boone 2013; Du Plessis et al. 2017). Reconstruc-
tion options evaluated in this study are beam hardening
correction and reconstruction filtering, both of which are
easily implemented in commercial reconstruction soft-
ware packages. Beam hardening correction addresses the
cupping artefacts that might occur at sample edges. The
cupping effect causes the appearance of bright sample
edges compared to the rest of the sample as a result of
beam hardening.
Filtering is a noise reduction image processing tech-
nique used for modifying or enhancing an image during
reconstruction or during post-processing. Reconstruction
filtering involves image filtering during reconstruction in
the Datos software package – specific options considered
were inline median, volume filters and edge enhance-
ment. After reconstruction, the post-processing filters
applied in VGSTUDIO MAX was median, adaptive gauss,
and the non-local means filters.
RESULTS AND DISCUSSION
Image quality changes in all scans were quantified as a
function of varying parameters, in order to find optimal
scan settings for Karoo fossils inside the rock, and to
highlight the relative importance of various parameters.
This involves a comprehensive series of experiments
comprising of 18 full scan data sets. Each parameter inves-
tigated is described separately below.
Voltage
Voltage is a scan parameter that determines the penetra-
tion ability of the X-ray beam and needs to be high enough
to allow good visualization of internal features. Typically,
denser and larger samples require higher voltage to allow
enough X-ray penetration to get appropriate contrast
between materials. When the voltage is not high enough,
the interior of the sample becomes noisy, and features
cannot be distinguished. For smaller and lower density
samples, typically lower voltages allow better contrast
especially between different materials – due to differences
in material X-ray absorption coefficients. In this case
study, varying the voltage showed no changes in scan
quality as shown by the 2D slice images and bar charts
(Fig. 4). The noise and the edge sharpness also did not
show any significant change with varying voltage (Fig. 5).
These results may be explained by a competition
between two major influences on the obtained contrast
between the materials. Firstly, lower voltage improves
contrast according to X-ray attenuation coefficient differ-
ences between materials. Secondly, lower voltage results
in poorer penetration of the sample resulting in less
contrast between materials. With these two competing
effects, the result is that voltage changes do not affect the
contrast for this particular type of sample. To resolve if
this is a general result for all similar samples, an additional
experiment was devised. As an extreme case of composi-
tional difference which should be easy to detect by
microCT, a chicken bone with attached rocks were used
and scans conducted at three different voltages. The result
was similar as above, with very little change seen in the
contrast between bone and rock (see Fig. 6). In this case,
the higher voltage seemed to increase the contrast be-
tween bone and rock slightly. The conclusion remains the
same: varying voltage does not make as large a difference
as expected. We speculate this is due to the need for good
penetration of the samples, being dominant over any ma-
terial-specific differences in X-ray absorption. This is for
typical laboratory microCT systems and typical rock sam-
ples containing fossil bones, but might not be valid for the
highly monochromatic and high-flux beams of syn-
chrotrons. In that case, is it expected that lower voltages
will be advantageous for material discrimination.
Current
Increasing the X-ray flux by increasing the current
improved the scan quality significantly: the contrast
between fossil bone and rock improved and finer details
of the fossil anatomy could be visualized more clearly
(Fig. 7). The edge sharpness between the fossil bone and
the surrounding rock also increased with increasing
current (Fig. 8), and the background noise remained
constant. This result further supports the concept that the
voltage is not the most important factor for this sample
type but rather getting higher penetration – i.e. getting
more X-rays through the sample – which can be done
effectively by increasing current. It is important to note
that as the current increases, the focal spot size increases
and hence the effective resolution gets poorer – this is
something that must be limited by the user. High current
can also cause high local temperature in the X-ray tube
target material causing costly damage and failed scans. A
compromise between high current and voltage is there-
fore suggested. However, this result very clearly shows
the significant improvement in image quality obtained by
increased current.
Beam filtering
Beam filtering is often applied to pre-compensate for
beam hardening that might occur. The results, as shown
by the 2D slice images and the edge sharpness (Fig. 9),
illustrate a general trend of improvement in image sharp-
ness with increasing thickness of beam filters. However,
there seems to be an optimal beam filter thickness for
minimal noise at 0.2 mm in this case (Fig. 10). Increasing
the filter thickness further is expected to reduce the X-ray
intensity such that the image quality degrades as in lower
current scans outlined above.
If beam hardening occurs, beam hardening correction in
the reconstruction process can be used to reduce much of
the cupping effect on the sample edges. An example of
this is shown (Fig. 11), where the left scan shows the
cupping effect on the sample edges and the right shows
the beam hardening corrected scan. Apart from correcting
the cupping effect, increased beam hardening correction
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Figure 5. The effect of varying voltage on the image edge sharpness measured as the gradient of the slope between two materials (A) and background
noise measured as the standard deviation of the mean grey values taken from the volume of the ROI (B).
Figure 4. Effect of voltage change on scan quality evaluated by (A) visual impression in CT slice images and (B) grey values of representative regions
of fossil bone and rock.
increases the edge sharpness (see Fig. 12) allowing for
more accurate and less time-consuming segmentation but
this also increases the level of noise, so should be used
with care.
Averaging
Increasing image averaging, where two or more images
can be averaged at each rotation step during scanning,
reduced the noise level and showed a slight increase
in edge sharpness between the fossil bone and the sur-
rounding rock (see Figs 13 & 14). However, increasing
image averaging increases the total scan time which can
be prohibitively costly to the user.
Reconstruction and post-processing filtering
The uses of reconstruction filtering and post-processing
filtering were investigated quantitatively. The results
showed that applying any filter reduces the level of noise
as expected (see Fig. 15). Overall, the post-processing filter
that showed the highest noise reduction was the relatively
new (in commercial software) non-local means filter.
There was no significant effect on the measured edge
sharpness in any of the filter methods – for these typical
settings (Fig. 15).
Excessive filtering can result in image blurring (see
Fig. 16) where (A) is the unfiltered scan, (B) is the typical
adaptive gauss filter and (C) is the adaptive gauss filter
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Figure 6. Simulated bone in rock with chicken bone and rocks taped to it – varying voltage and keeping current constant. The results show very little
difference in material contrast.
applied three times. Although the noise has decreased,
the edge sharpness (Fig. 16) has also decreased making
the distinction between the fossil and the rock difficult
which consequently causes an unwanted loss in detail
visibility. While the improvement in noise reduction is very
useful (Fig. 15) excessive use of image filtering will cause
loss of image sharpness (Fig. 16). Hence its use should be
limited – especially when fine features are of interest.
High quality scan
As a demonstration of the above optimization for this
type of sample, an optimized set of scan parameters was
selected for comparison with a typical scan setup (which
would usually be employed). In order to obtain high
quality here, high current was used. In addition, for the
selected voltage and current, image acquisition time and
detector sensitivity was adjusted to allow high signal
values on the detector. Table 1 shows the scan parameters
employed to obtain the highest image quality for this
Karoo fossil embedded in dense rock. The 2D slice images
(Fig. 17) show a side-by-side comparison of the standard
scan with the high quality scan.
A summary of the key findings in this work is provided
in Table 2 for all parameters systematically investigated.
In summary, all parameters investigated (details of each
scan) are presented in Table 3.
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Figure 7. Increased current shows improved quality as evaluated by (A) 2D slice images and (B) grey values of representative regions of fossil bone
and rock.
Figure 8. The effect of varying current on the image edge sharpness (A) and background noise (B).
CONCLUSION
It was found by systematic variation of parameters and
quantitative measurement of image quality, that voltage
does not play a major role in the contrast or image quality
for this type and size of sample for laboratory microCT
systems. Important parameters for increasing the quality
of the scan data for this sample were found to be, in
decreasing order of importance: (1) high current (high
X-ray flux); (2) increasing signal values almost to satura-
tion of the detector while keeping background noise low;
(3) large amounts of image averaging during scanning –
this refers to acquisition of more than one image at each
rotational position and averaging these images which
reduces the noise in the acquisition image and in the final
reconstructed data, (4) strong beam hardening correction
in reconstruction and (5) de-noising filters (post-acquisi-
tion) selectively applied to the final images. Clearly, there
is a complex interrelationship for all parameters and the
general rule is to first ensure artefact-free images, thereaf-
ter improve the contrast as far as possible. In order to
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Figure 9. 2D slice images showing the quality change of varying scan parameter beam filtering.
Figure 10. The effect of varying beam filters on the image edge sharpness measured as the gradient of the slope between two materials, using the min-
imum and maximum values of the two (A) and background noise measured as the standard deviation of the mean grey values taken from the volume
of the ROI (B).
ensure artefact-free images, a safe option is to use a
relatively high voltage, to ensure no unwanted streak
artefacts from inclusions that may be present. When the
interest is in fine structures, parameter choice may priori-
tize improving edge sharpness – lots of acquisition image
averaging and very little or no post-scan image filtering.
In most cases, when the choice is based on strong contrast
for ease of segmentation – very high current and signifi-
cant post-scan image filtering can assist in producing
good scan data.
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Figure 11. 2D slice images showing the results of beam hardening on a sample (A) vs a beam hardening corrected 2D slice image of the same data set
(B).The cupping effect on the sample is shown by the red circle on the left slice image and the corrected cupping by the red circle on the right. The
arrows point on the dark interior of the sample as result of beam hardening (A) and corrected beam hardening interior of the sample (B).
Figure 12. The effect of varying beam hardening correction on the image edge sharpness measured as the gradient of the slope between two materi-
als, using the minimum and maximum values of the two (A) and background noise measured as the standard deviation of the mean grey values taken
from the volume of the ROI (B).
Figure 13. 2D slice images showing the quality change of varying image averaging.
These results are specific for the tested sample, a 60 mm-
thick, carbonate-rich, micritic mudstone nodule from the
early Mid-Triassic (Anisian) Burgersdorp Formation of the
Karoo Supergroup containing the complete skull and
parts of the post-crania of a basal rhynchosaur. The best
possible scan parameters are presented and we envisage
this to be useful as a starting point for future paleonto-
logical studies using the microCT technique. The demon-
strated optimized parameters are expected to be relevant
to similar sample types and applicable to most rocks
containing fossils. In particular the importance of X-ray
intensity (current) was found to be much more than volt-
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Figure 14. The effect of varying averaging on the image edge sharpness measured as the gradient of the slope between two materials, using the mini-
mum and maximum values of the two (A) and background noise measured as the standard deviation of the mean grey values taken from the volume
of the ROI (B).
Figure 15. The effect of varying filtering options on the image edge sharpness measured as the gradient of the slope between two materials, using the
minimum and maximum values of the two (A) and background noise measured as the standard deviation of the mean grey values taken from the vol-
ume of the ROI (B).
Table 1. Typical vs high quality scan.
Parameter Typical Final scan
Voltage 80 kV 120 kV
Current 100 µA 670 µA
Averaging 1 3
Beam filtering – 0.2 mm Cu
age variation for high quality images of this sample type.
Voltage reduction is usually recommended for discrimi-
nation of different materials (e.g. fossil bone – rock), but
our results show that this is not always the case. The simu-
lated fossil bone with surrounding rock supports this
statement to some extent. The results are expected to be
general for samples of varying composition and dimen-
sions, but this case study did not particularly investigate
how broadly this is applicable. We hope the approach
presented (the quantitative assessment of image quality)
may be useful to find optimal parameters for various fossil
scans of different dimensions and compositions. The case
study presented may be a good starting point for optimi-
zation in each case. Such optimized scans might also aid
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Figure 16. The effect of on increasing filtering on the image edge sharpness measured as the gradient of the slope between two materials, using the
minimum and maximum values of the two (A) and background noise measured as the standard deviation of the mean grey values taken from the vol-
ume of the ROI (B). (A, Left) Unfiltered scan (B, middle) is the adaptive gauss and (C) is the 3X adaptive gauss filtered slice image.
Figure 17. Comparison between a 2D slice image of a typical scan and final optimized scan.
Table 2. The effect of various parameters on the image quality obtained.
Parameters Noise Edge sharpness Other comment Overall image quality
Voltage increase No effect No effect Increases X-ray penetration No effect
Current increase Improve Improve Increases the detector counts Improves
Beam filtering increase Worsen Improve Pre-compensate beam hardening Improves
Frame averaging Improve Improve Reduces noise Improves
Beam hardening correction Worsen Improve Removes cupping artefacts Improves
Reconstruction filtering Improve No effect Reduces noise but excessive filtering reduces edge Improves
sharpness
Post processing filtering Improve No effect Reduces noise but excessive filtering reduces edge
sharpness Improves
the future development of automated laser fossil prepara-
tion systems using a combination of microCT and laser
processing as demonstrated by Du Plessis et al. 2013.
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Table 3. Parameters systematically investigated.
Voltage Current X-ray sensitivity
80 kV 100 µA 4
120 kV 40 µA 4
140 kV 70 µA 3
160 kV 60 µA 3
180 kV 50 µA 3
Current Voltage Beam filter
40 µA 120 kV None
700 µA 120 kV 0.5 mm Cu
Beam filters Voltage Current
No beam filter 180 kV 70 µA
0.1 mm Cu 180 kV 70 µA
0.2 mm Cu 180 kV 220 µA
0.3 mm Cu 180 kV 140 µA
0.5 mm Cu 180 kV 110 µA
1 mm Cu 180 kV 90 µA
Voltage Current
Beam hardening correction 80 kV 300 µA
Filtering options 80 kV 300 µA
Averaging 180 kV 70 µA
